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Cellular/Molecular
Activity-Dependent Bulk Endocytosis andClathrin-Dependent
Endocytosis Replenish Specific Synaptic Vesicle Pools in Central
Nerve Terminals
Giselle Cheung, Orla J. Jupp, andMichael A. Cousin
Membrane Biology Group, Centre for Integrative Physiology, University of Edinburgh, Edinburgh EH8 9XD, United Kingdom
Multiple synaptic vesicle (SV) retrieval modes exist in central nerve terminals to maintain a continual supply of SVs for neurotransmis-
sion. Two such modes are clathrin-mediated endocytosis (CME), which is dominant during mild neuronal activity, and activity-
dependent bulk endocytosis (ADBE), which is dominant during intense neuronal activity. However, little is known about how activation
of these SV retrieval modes impact the replenishment of the total SV recycling pool and the pools that reside within it, the readily
releasable pool (RRP) and reserve pool. To address this question, we examined the replenishment of all three SVpools by triggering these
SV retrieval modes during both high- and low-intensity stimulation of primary rat neuronal cultures. SVs generated by CME and ADBE
were differentially labeled using the dyes FM1-43 and FM2-10, and their replenishment of specific SV pools was quantified using
stimulationprotocols that selectively depleted eachpool. Our studies indicate thatwhile theRRPwas replenishedbyCME-generated SVs,
ADBEprovided additional SVs to increase the capacity of the reserve pool.Morphological analysis of the uptake of the fluid phasemarker
horseradish peroxidase corroborated these findings. The differential replenishment of specific SV pools by independent SV retrieval
modes illustrates how previously experienced neuronal activity impacts the capability of central nerve terminals to respond to future
stimuli.
Introduction
Central nerve terminals have a limited supply of synaptic vesicles
(SVs), which must be quickly and reliably recycled to maintain
neurotransmitter release. This is particularly important during
elevated neuronal activity, where multiple SVs fuse with the
plasma membrane over a short period of time. At least two dif-
ferent SV retrieval modes are triggered during intense neuronal
activity. First, clathrin-mediated endocytosis (CME) retrieves
single SVs directly from the plasmamembrane (Ungewickell and
Hinrichsen, 2007; Doherty and McMahon, 2009). CME is the
dominant SV retrieval mode during periods of low activity
(Granseth et al., 2006; Zhu et al., 2009); however, it has a limited
capacity (Sankaranarayanan and Ryan, 2000). This means it can-
not cope with increased endocytic demand during high-intensity
stimulation (Clayton et al., 2008). During elevated neuronal
activity, a second SV retrieval mode is triggered, called activity-
dependent bulk endocytosis (ADBE). ADBE is a fast, high-
capacity SV retrieval mode that invaginates large regions of
plasmamembrane, creating bulk endosomes fromwhich SVs can
bud (Clayton and Cousin, 2009).
SVs that are available for exocytosis in central nerve terminals
are commonly referred to as the recycling pool (Su¨dhof, 2000;
Rizzoli and Betz, 2005). This pool can be further subdivided into
the readily releasable pool (RRP) and the reserve pool. The RRP
contains SVs that are immediately available for fusion, whereas
the reserve pool contributes SVs for fusion during periods of
intense neuronal activity (Su¨dhof, 2000; Rizzoli and Betz, 2005).
However, it is still unclear how these SV pools are themselves
replenished by different endocytic mechanisms. During mild
stimulation, SVs are preferentially recycled to repopulate the
RRP in a process called “reuse” (Pyle et al., 2000; Kavalali, 2006).
This “reuse” route also refills the RRPduring high-intensity stim-
ulation (Sara et al., 2002), suggesting that this mechanism occurs
across a wide activity range. SVs generated by ADBE are not
immediately available for release in amphibian neuromuscular
junctions, indicating that they may repopulate the reserve SV
pool instead (Richards et al., 2000; Richards et al., 2004). In
agreement, ADBE-generated SVs support a sustained compo-
nent of SV fusion evoked by intense neuronal activity in central
nerve terminals (Evans and Cousin, 2007; Clayton et al., 2009).
We investigated the replenishment of the RRP and reserve
pools by both CME and ADBE during low- and high-intensity
stimulation. SVs generated by these two SV retrieval modes were
visualized using the styryl dyes FM1-43 and FM2-10, since these
probes differentially label CME and ADBE (Richards et al., 2000;
Virmani et al., 2003; Richards et al., 2004; Evans and Cousin,
2007; Clayton and Cousin, 2008). We corroborated our findings
via parallel morphological studies with the fluid phase marker
horseradish peroxidase (HRP).We found that the RRPwas selec-
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tively replenished by SVs generated by CME, whereas ADBE gen-
erates additional SVs to increase reserve pool capacity. These
studies highlight the fact that previous patterns of activity are key
in shaping the capability of central nerve terminals to respond to
future trains of stimuli.
Materials andMethods
Materials. FM2-10, FM1-43, penicillin/streptomycin, phosphate-buffered
salts, fetal calf serum, and Minimal Essential Medium were obtained
from Invitrogen. Glutaraldehyde and osmium tetroxide were from Agar
Scientific. Cyclosporin A was from Merck. All other reagents were from
Sigma. shRNA against syndapin I was designed using the pSUPER vector
system (pSUPER neo-GFP, OligoEngine), using the following oligonu-
cleotides: Oligo A1, AGAAGAAACTTGTGGATAA; Oligo B1, AGAAG-
CCCTGGGCTAAGAA. The pSUPER vector was engineered to express
mCerulean by removing GFP with the enzymes AgeI and BsrGI and
replacing with predigested mCerulean.
Primary culture and transfections of cerebellar granule neurons. Primary
cultures of cerebellar granule neurons were prepared from cerebella of
7-d-old Sprague Dawley rat pups (both male and female) according to
previously described protocols (Tan et al., 2003). Cultures were grown
for 8–10 d in vitro before use in experiments. Transfections were per-
formed using calcium phosphate precipitation (Tan et al., 2003). Exper-
iments using transfected neurons were performed 72 h after transfection.
Fluorescence imaging of SV turnover. Cells were removed from culture
medium and left to repolarize for 10 min in incubation medium [in mM:
170 NaCl, 3.5 KCl, 0.4 KH2PO4, 20 TES (N-tris[hydroxyl-methyl]-
methyl-2-aminoethane-sulfonic acid), 5 NaHCO3, 5 glucose, 1.2
Na2SO4, 1.2 MgCl2, and 1.3 CaCl2; at pH 7.4]. Cultures were then
mounted in a Warner imaging chamber (RC-21BRFS). Invaginating
membrane was loaded with either FM2-10 (100 M) or FM1-43 (10 M)
by evoking SV turnover using either electrical field stimulation (100mA,
1 ms pulse width, delivered using platinum wires embedded in the im-
aging chamber) or elevated KCl (50 mM KCl, with 50 mMNaCl removed
to maintain osmolarity). Dye was washed from the cultures immediately
after stimulation terminated. Accumulated dyewas unloaded fromnerve
terminals after either 10 min (standard unload) or after 2 min (immedi-
ate unload) using either electrical stimulations or elevated KCl medium
as described in figure legends.
In some cases, S1/S2 experiments were performed in which cultures un-
derwent two roundsof dye loading andunloading separatedby a 20min rest
period. This approach allowed a direct comparison of the total number of
SVs turned over in both the S1 and S2 loads. Individual loading andunload-
ing protocols for these experiments are detailed in Results.
Dye loading and unloading of untransfected cultures was visualized
using a Nikon Diaphot-TMD epifluorescence microscope at 480 nm
excitation and510 nm emission with a 20 air objective. Experiments
using transfected cultures were performed using a Zeiss TV-100 epifluo-
rescence microscope and a 40 oil objective. Transfected neurons were
visualized at 430 nm excitation, whereas FM1-43 was visualized at 500
nm (both 525 nm emission). Fluorescent images were captured at 4 s
intervals using a Hamamatsu Orca-ER CCD digital camera and pro-
cessed using offline imaging software (Simple PCI, Compix Imaging
Systems). Regions of interest of identical size were placed over randomly
selected nerve terminals, and the total fluorescence intensity of these
regions was monitored over time. Only nerve terminals that displayed
stimulation-dependent dye loading and unloading were used for analy-
sis. For each experiment, fluorescent time courses from 90 nerve ter-
minals were normalized to the same initial fluorescence level. The
average fluorescence drop of each unloading step (stimuli to unload
either the RRP or reserve pool) was expressed as a percentage of the total
fluorescence drop (total SV recycling pool), allowing comparison across
Figure1. ADBEprovides additional SVs for the total SV recyclingpool.A, Cultureswere loadedwith either 10MFM1-43or 100MFM2-10 in thepresence of elevatedKCl (50mM) for 2min. Dyes
were washed away immediately after stimulation, and cultures were left to rest for 10 min. Dye unloading was stimulated by trains of action potentials (either 10 s, 20 s, 40 s, or 80 s) at 40 Hz.
B, Representative traces of the time course of dye unloading in response to action potentials are displayed (FM2-10, red symbols, top; FM1-43, orange symbols, bottom). The duration of unloading
stimulation is represented by bars. Data are normalized between 1 and 0 in all instances, where 1 start of stimulation and 0 cessation of unloading (indicated by dotted lines). C, The mean
unloading time for either dye is plotted against the stimulus duration (FM2-10, red symbols; FM1-43, orange symbols). In all experiments, n 4 (except 40 Hz 10 s FM1-43 and 40 Hz 80 s FM1-43,
n 3); error bars representSEM; ***p 0.001, two-way ANOVA.
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multiple experiments. For S1/S2 experiments,
the S2 fluorescence drops in individual nerve
terminals were expressed as a ratio of their
paired internal control (S1). The data from in-
dividual nerve terminals were then averaged
and these valueswere averaged for experiments
using the same conditions. With transfected
cultures, at least five nerve terminals were se-
lected from each of the transfected and un-
transfected neurons in the same field of view.
For direct comparison, the relative size of the
reserve pool of the transfected neuronwas nor-
malized to that of the untransfected neurons in
the same experiment. All calculations and sta-
tistical analyses were performed using Mi-
crosoft Excel and GraphPad Prism software.
Labeling of endocytic pathways by HRP. Cul-
tures were fixed and processed for electronmi-
croscopy as described previously (Dea´k et al.,
2004; Evans and Cousin, 2007). Briefly, cul-
tures were repolarized in incubation medium
for 10 min and stimulated with trains of action
potentials in the presence of HRP (10 mg/ml).
After HRP washout, cultures were either im-
mediately fixed or challenged with further
stimulation protocols in the absence of HRP
(as indicated in Results) followed by fixation.
In all cases, cultures were fixed in 2% glutaral-
dehyde for 30 min at 37°C. After washing with
100 mM Tris, pH 7.4, cultures were exposed to
0.1% diaminobenzidine and 0.2%H2O2 in 100
mM Tris until color developed. Cultures were
thenwashedwith 100mMTris and stainedwith
1% osmium tetroxide for 30 min. After wash-
ing inwater, cultures were poststainedwith 2%
uranyl acetate for 15 min and then dehydrated
using ethanol series and polypropylene oxide
and embedded using Durcupan. Samples were
sectioned,mounted on grids, and viewed using
an FEI Tecnai 12 transmission electron micro-
scope. All nerve terminals were analyzed, and
intracellular structures that were 100 nm in
diameter were arbitrarily designated to be SVs,
whereas larger structures were considered en-
dosomes. From these images, the number of
HRP-labeled SVs and endosomes were counted
in individual nerve terminals. Endosome diame-
ter was calculated by averaging the longest and
shortest diameters of individual endosomes
(measuredusing ImageJ software,National Insti-
tutes of Health).
Results
ADBE provides additional SVs to
replenish the SV recycling pool
Multiple SV retrieval modes have been
identified in mammalian central nerve
terminals (Royle and Lagnado, 2003; Riz-
zoli and Betz, 2005; Kavalali, 2006; Wu et
al., 2007); however, the physiological con-
sequences of their activation have thus far
been poorly characterized. For example,
the impact of the activation of different
SV retrieval modes on replenishment of
both the SV recycling pool and the pools
within it (RRP and reserve pool) is not
clearly defined.
Figure 2. ADBE preferentially refills the SV reserve pool. A, Cultures were loaded with either 10M FM1-43 or 100M
FM2-10 using trains of either 200 action potentials (10 Hz) or 800 action potentials (80 Hz). Dyes were washed away
immediately after stimulation and cultures were left to rest for 10 min. The RRP was unloaded with 60 action potentials (30
Hz), and the reserve pool (RP) was unloaded with two 30 s applications of 50 mM KCl. B–E, Representative traces of the
average fluorescence drop of nerve terminals loaded with either 200 action potentials are shown (10 Hz; B, FM2-10;
C, FM1-43) or 800 action potentials (80 Hz; D, FM2-10; E, FM1-43). Unloading stimulations are represented by bars. Traces
were normalized (between 1 and 0) to the size of the recycling pool (RRP RP) for each nerve terminal. The relative size
of the RRP and RP are indicated by arrows. F, Average proportion of the RRP and RP as a percentage of the SV recycling pool
is shown (FM2-10, red bars; FM1-43, orange bars; RRP, solid bars; RP, dotted bars). In all experiments, n 4 (except 10 Hz
FM2-10 and 80 Hz FM1-43, n 3); error bars representSEM; *p 0.05, **p 0.01, for both RRP and RP, one-way
ANOVA. G, Schematic diagrams illustrating the extent of RRP and RP replenishment by SVs loaded with either FM2-10 (left,
red) or FM1-43 (right, orange) using either 10 Hz stimulation (top, only triggers CME) or 80 Hz stimulation (bottom, triggers
both CME and ADBE). Solid circles represent dye-loaded SVs; clear circles represent nonloaded SVs. Solid ovals represent
dye-loaded endosomes; clear ovals represent nonloaded endosomes. Solid outlines represent CME-generated structures;
dotted outlines represent ADBE-generated structures.
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To address this question, we first determined how the activa-
tion of either ADBE or CME impacted on the size of the subse-
quent SV recycling pool. This was achieved by triggering both SV
retrieval modes with a maximal stimulus of elevated KCl (50
mM). Both CME and ADBE were labeled using FM1-43, whereas
CME was labeled using FM2-10 (Evans and Cousin, 2007; Clayton
and Cousin, 2008; Clayton et al., 2008, 2009). The replenishment
of the total SV recycling pool was estimated by delivering trains of
action potentials of increasing duration (40 Hz for 10, 20, 40 or
80 s), as shown in Figure 1A. This approach allows a quantification
of the time taken toexhaust the labeledpoolofSVsgeneratedbyeach
SV retrievalmode. SVs that were generated via CME (i.e., labeled by
FM2-10)weredepletedafter20 sof continual stimulation,withno
additionalunloadingobservedduring longer stimulation trains (Fig.
1B). However, FM1-43-loaded SVs (generated by both CME and
ADBE) continued to fuse even throughout the longest unloading
stimuli (Fig. 1B). Thus, there is a clear distinction in the ability of
dye-loaded SVs to contribute toward the SV recycling pool during
prolonged stimulation (Fig. 1C). These experiments suggest that
ABDE provides additional SVs to replenish the recycling pool, since
bothdyes labelCME, but only FM1-43 labelsADBE.This replenish-
ment would allow the nerve terminal to support neurotransmitter
release during periods of prolonged stimulation.
ADBE preferentially replenishes the SV reserve pool
We next determined whether there was specificity in the replen-
ishment of the pools within the recycling pool (RRP and reserve
pool) by either ADBE- or CME-derived SVs. This was achieved
using two independent approaches. First, trains of stimuli were
delivered to cultures that either only activated CME (200 action
potentials at 10 Hz) or activated both CME and ADBE (800 ac-
tion potentials at 80 Hz) (Clayton et al., 2008). Second, neuronal
cultures were loaded with either FM2-10 (which selectively labels
CME) or FM1-43 (which labels both CME and ADBE) during
these different stimulation protocols. The extent of subsequent
RRP refilling was determined by selectively unloading this pool
with a brief action potential train (60 action potentials at 30 Hz)
(Mozhayeva et al., 2002). This protocol selectively unloaded the
RRP, since application of hypertonic sucrose (500 mM) (Pyle et
al., 2000; Mozhayeva et al., 2002) evoked an identical amount of
dye unloading (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material). The remaining SVs within the
recycling pool were unloaded by two sequential stimuli with 50
mM KCl (Fig. 2A). The SVs fused by this stimulation protocol
were designated the reserve pool.
The refilling of the RRP and reserve pool by CME-generated
SVs was determined first. CME was selectively triggered by mild
stimulation (200 action potentials, 10 Hz), and SVs retrieved by
this route were loaded with either FM2-10 or FM1-43. The pro-
portion of the RRP labeled in comparison to the reserve pool for
either FM2-10- or FM1-43-loaded SVs was constant at 35%/
65% (RRP/reserve pool) (Fig. 2B,C,F). Thus, SVs generated via
CME replenish both the RRP and reserve pool of SVs.
To determine the proportion of RRP/reserve pool labeling by
SVs generated by ADBE, FM2-10 or FM1-43 was loaded using
800 action potentials (80 Hz).When the partitioning of FM2-10-
labeled SVs between pools was determined, the proportion of dye
loading was similar to that observed during mild stimulation
(Fig. 2D,F). Thus, even at increased stimulation intensities,
CME-derived SVs replenish the RRP and reserve pool to the same
extent. When the partitioning of FM1-43-loaded SVs was exam-
ined, there was a dramatic shift in the proportion of SVs between
the two pools. Under these conditions, only 10% of FM1-43-
labeled SVs populated the RRP and 90% populated the reserve
pool (Fig. 2E,F). This experiment suggests that SVs generated by
ADBE preferentially repopulate the reserve pool of SVs, since
this change in SV partitioning was only observed with FM1-43
loading during high-intensity stimulation (illustrated in Fig. 2G).
Figure 3. Replenishment of the reserve pool by ADBE is dependent on calcineurin activity.A, Cultures were loadedwith either 10M FM1-43 or 100M FM2-10 using trains of either 200 action
potentials (10 Hz) or 800 action potentials (80 Hz). Dyes were washed away immediately after stimulation and cultures were left to rest for 10min. The RRPwas unloadedwith 60 action potentials
(30 Hz) and the reserve pool (RP) was unloaded with three consecutive trains of 400 action potentials (40 Hz). In some experiments, cyclosporin A (CsA, 10M) was preincubated with cultures for
10 min before and during dye loading. B, C, Representative traces of the average fluorescence drop of nerve terminals loaded with FM1-43 evoked by 800 action potentials in the absence (Ctl) or
presence of CsA are shown (B,minus CsA;C, plus CsA). Unloading stimulations are representedbybars. Traceswere normalized (between1and0) to the size of the recyclingpool (RRPRP) for each
nerve terminal.D, Averageproportionof theRRPandRPas apercentageof the SV recyclingpool is shown (FM2-10, redbars; FM1-43, orangebars; RRP, solid bars; RP, dottedbars). In all experiments,
n 3 (except 10 Hz FM1-43 control, n 4); error bars representSEM; **p 0.01, ***p 0.001, for both RRP and RP, one-way ANOVA.
8154 • J. Neurosci., June 16, 2010 • 30(24):8151–8161 Cheung et al. • Specific Refilling of Vesicle Pools by Endocytosis
To confirm that the difference in par-
titioning of FM1-43-loaded SVs between
the RRP and reserve pool was due to acti-
vation of ADBE, a series of similar exper-
iments were performed in which nerve
terminals were loaded with dye in the
presence of the calcineurin antagonist cy-
closporin A (Fig. 3A). Activation of the
calcium-dependent protein phosphatase
calcineurin triggers ADBE, and its inhi-
bition arrests the process (Evans and
Cousin, 2007). In these experiments, re-
serve pool unloading was evoked by three
sequential trains of 400 action potentials
(40 Hz), a protocol that is equivalent in
magnitude to two challenges with KCl
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
Application of cyclosporin A (10 M)
during FM1-43 loading evoked by mild
stimulation (200 action potentials, 20 Hz)
had no effect on the partitioning of dye-
loaded SVs between the RRP and reserve
pool (Fig. 3D). This was also true for
FM2-10 loading evoked by intense stimu-
lation (800 action potentials) (Fig. 3D).
These results were expected, since these
protocols only report SVs generated by
CME, a SV retrieval mode in which cal-
cineurin has no defined role (Evans and
Cousin, 2007; Clayton et al., 2008). When
SVs generated by both CME and ADBE
were loaded with FM1-43 during intense
stimulation (800 action potentials, 80
Hz), a disproportionate labeling of the
reserve pool was again observed (Fig.
3B,D). However, this did not occur when
calcineurin was inhibited (Fig. 3C,D),
with FM1-43 partitioning between pools
returning to the proportions observed
during either mild stimulation or with
FM2-10 loading during intense stimula-
tion (which only reports CME). Therefore
SVs generated by ADBE preferentially re-
plenish the reserve pool of SVs in central
nerve terminals.
To further demonstrate a specific role
for ADBE in replenishing the reserve SV
pool, we determined the effect of silencing
syndapin I expression on this process.
Since knockdown of syndapin I inhibits
ADBE (Clayton et al., 2009), this manip-
ulation would be predicted to perturb the
replenishment of the reserve SV pool. Two
independent shRNAvectors containing dif-
ferent oligonucleotide sequences (Oligo A1
and B1) were used to silence syndapin I
expression. Cultures were loaded with
FM1-43 during intense stimulation (800
action potentials) (Fig. 4A) to activate
ADBE. Selective unloading of both SV
pools revealed that the proportion of SVs
in the reserve pool was significantly
Figure 4. Replenishment of the reserve pool by ADBE is disrupted by knockdown of syndapin I expression. Cultures were
transfected with either shRNA (Oligo A1, Oligo B1) against syndapin I or an empty vector 72 h before experiments. Transfected
neuronswere identifiedbymCeruleanexpression.A, Cultureswere loadedwith10MFM1-43using trains of 800actionpotentials
(80 Hz). Dyes were washed away immediately after stimulation and cultures were left to rest for 10 min. The RRP was unloaded
with 60 action potentials (30 Hz) and the reserve pool (RP)was unloadedwith three consecutive trains of 400 action potentials (40
Hz). B–E, Representative traces of the average fluorescence drop of FM1-43-loaded nerve terminals are displayed for cultures
transfectedwith either Oligo A1 (B, C) or Oligo B1 (D, E) from both untransfected (B,D) and transfected neurons (C, E). Unloading
stimuli are represented by bars. Traces were normalized (between 1 and 0) to the size of the recycling pool (RRP RP) for each
nerve terminal. F, Proportions of the RP as a percentage of the SV recycling pool were determined for each nerve terminal on
transfected neurons and represented as the percentage of RP unloaded fromuntransfected neurons in the same experiment. In all
experiments, n 3; error bars representSEM; *p 0.05, one-sample t test with proportion of RP of untransfected neurons set
as 100%.G, Fluorescent images showing FM1-43-loadednerve terminals (FM1-43; in green) and transfectedneurons (mCerulean;
in magenta) for cultures transfected with empty vector (left), Oligo A1(middle), and Oligo B1 (right). Scale bar, 10m.
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smaller in neurons transfected with syndapin I shRNA oligos
when compared to untransfected (Fig. 4B–F). This difference
was not observed in neurons transfected with the empty shRNA
vector (Fig. 4F), implying a specific effect of silencing syndapin I
expression in reserve pool refilling. Thus, using two manipula-
tions that inhibit ADBE (calcineurin inhibition and syndapin I
knockdown), we have shown that SVs generated via this mode
selectively replenish the reserve pool.
ADBE provides additional SVs for the reserve pool while the
RRP is replenished by CME
The disproportionate labeling of the reserve pool by ADBE-
derived SVs could arise from either provision of additional SVs
for the reserve pool or a selective exclusion of SVs from the RRP.
To determine the absolute size of the RRP and reserve pool that
were filled by either CME- or ADBE-generated SVs, S1/S2 exper-
iments were performed. This approach has the key advantage of
comparing the effect of different stimulation protocols within the
same nerve terminal.
Cultures were first loaded with FM1-43 during mild stimula-
tion (200 action potentials, 10 Hz) to evoke only CME. A similar
distribution of dye-loaded SVs was observed as previously seen
(Fig. 5B,C). Next, the same cultures were loaded with FM1-43
using intense stimulation (800 action potentials, 80 Hz) to load
SVs generated by both CME andADBE.Once again, a dispropor-
tionate partitioning of FM1-43-loaded SVs into the reserve pool
was observed (Fig. 5C). When the absolute amounts of dye-
loaded SVs were compared between the RRP and reserve pool,
key differences became apparent. First, the RRP was similar in
size regardless of whether it had been labeled during either low-
or high-intensity stimulation (10Hz, 23 2%; 80Hz, 27 5%of
total S1 unload) (Fig. 5D). This indicates that the RRP must be
preferentially refilled by CME-derived SVs, since no additional
replenishment was observed from ADBE-derived SVs. When the
number of SVs replenishing the reserve pool was compared, there
was an almost threefold increase in FM1-43-loaded SVs present
after intense stimulation (10 Hz, 77 2%; 80 Hz, 217 28% of
total S1 unload) (Fig. 5D). Thus, the disproportionate labeling of
the reserve pool by ADBE-derived SVs is due to a tripling in the
number of releasable SVs in this pool, while the number of SVs
within the RRP remains unchanged.
Parallel morphological experiments were performed examin-
ing the uptake of the fluid phase marker HRP to confirm these
findings. The proportion of SVs in either the RRP or reserve pool
was determined as before with the exception that cultures were
left for 60 min before SV pool unloading to allow SV budding
from bulk endosomes (Fig. 6A). First, HRP was loaded using
mild stimulation (200 action potentials, 10 Hz). Only HRP-
labeled SVs were observed, consistent with activation of CME
(Clayton et al., 2008) (Fig. 6B). This population of SVs was al-
most completely depleted by the RRP unloading stimulus, with
very little additional unloading observed with the reserve pool
stimuli (Fig. 6C,D).
Next, HRP was loaded using high-intensity stimulation (to
trigger both CME and ADBE). Nerve terminals loaded with this
protocol displayed a larger number of HRP-labeled SVs com-
pared to low-intensity stimulation (Fig. 6C), agreeing with the
increased number of SVs available for fusion in the SV recycling
pool observed using optical imaging (Fig. 1). The RRP unloading
stimulus depleted only a proportion of HRP-labeled SVs, which
was almost identical in size to RRP in nerve terminals loadedwith
mild stimulation (Fig. 6D). This supports the hypothesis that the
RRP is preferentially refilled by CME, since no additional SVs are
present even when ADBE was active. The reserve pool stimuli
unloaded an additional pool of HRP-labeled SVs that was ap-
proximately equivalent in size to the RRP (Fig. 6D). This con-
trasts with HRP loading by mild stimulation, where little reserve
pool labeling was observed (Fig. 6D). A small population of
HRP-labeled SVs did not fuse with either the RRP or reserve pool
stimuli (Fig. 6D). These experiments confirm the hypothesis that
Figure5. ADBEprovides additional SVs for the reservepool but not theRRP.A, Cultureswere loadedwith10MFM1-43usinga train of 200actionpotentials (10Hz) at S1 anda train of 800action
potentials (80 Hz) at S2. In both cases, dyes were washed away immediately after stimulation and cultures were left to rest for 10 min. At both S1 and S2, the RRP was unloaded with a train of 60
actionpotentials (30Hz) and the reservepool (RP)wasunloadedwith three consecutive trains of 400actionpotentials (40Hz). Cellswere left to rest for 20minbetweenS1andS2.B, A representative
trace of the average fluorescence drop of nerve terminals is shown (10 Hz load, S1; 80 Hz load, S2). Unloading stimulations are represented by bars. Traceswere normalized (between 1 and 0) to the
size of the S2 recycling pool (RRP RP) for each nerve terminal. C, Proportion of the S1 and S2 RRP and RP as a percentage of their respective recycling pools is shown.D, Average proportion of the
RRP and RP expressed as a percentage of the S1 SV recycling pool (RRP, solid bars; RP, dotted bars). In all experiments, n 4; error bars representSEM; *p 0.05, **p 0.01, ***p 0.001,
for both RRP and RP, one-way ANOVA.
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ADBE provides additional SVs to preferentially replenish the re-
serve pool and that the RRP is preferentially refilled by CME-
derived SVs.
SVs generated from bulk endosomes replenish the
reserve pool
The preferential refilling of the reserve pool by ADBE can only be
inferred by the previous studies, since there is no selective label-
ing of ADBE (FM1-43 and HRP label both ADBE and CME). To
unambiguously confirm that ADBE-derived SVs preferentially
refill the reserve pool, we examined pool replenishment by SVs
that were specifically generated from bulk endosomes. We deter-
mined this using two separate approaches. First, we compared the
absolute size of the RRP and reserve pools in the same nerve
terminals either 10min after (S1) or 2min
after (S2) FM1-43 loading during high-
intensity stimulation (Fig. 7A). This pro-
tocol assumes that additional SVs that
replenished pools between 2 and 10 min
are generated from bulk endosomes. When
this protocol was used, the size of RRP was
constant regardless of the time period af-
ter dye loading (Fig. 7B,C). However, the
reserve pool was significantly larger when
cultures were rested for 10 min rather
than 2 min after dye loading (Fig. 7B,C).
Thus, FM1-43-loaded SVs that have a de-
layed availability for fusion replenish the
reserve pool and not the RRP.
The second approach to monitor pool
refilling by bulk endosome-derived SVs
was to load nerve terminals with FM1-43
during high-intensity stimulation and
then immediately deplete all FM1-43-
loaded SVs from the RRP and reserve pool
(Fig. 8A). At this stage, only FM1-43-
loaded bulk endosomes should remain
(Fig. 8B). Cultures were then rested for 30
min to allow generation of SVs fromFM1-
43-loaded bulk endosomes (Fig. 8A,B).
The refilling of the RRP and reserve pools
by FM1-43-loaded SVs was then quanti-
fied by a second depletion of these pools
(Fig. 8A). Immediate pool depletion re-
vealed a larger proportion of FM1-43-
loadedRRP SVs than seen previously (Fig.
8C,D). This was expected, since the re-
serve pool is replenished at a slower rate
than the RRP (Fig. 7). After the 30 min
rest period, the total SV recycling pool had
28  7% of FM1-43-loaded SVs com-
pared to the immediate unload ( p 0.01;
one-sample t test with total immediate
unload set as 100%). When dye partition-
ing between the RRP and reserve pool was
examined for this SV population, almost
all FM1-43 was in the reserve pool (90 
2% of total recycling pool) (Fig. 8D,E).
Thus, SVs that were generated directly
from bulk endosomes specifically replen-
ish the reserve pool.
To confirm that these newly generated
SVs originate from bulk endosomes, we
performed morphological analysis on cultures loaded with HRP
using the sameprotocol (Fig. 9A). As expected, bothHRP-labeled
SVs and endosomes were found after HRP loading during high-
intensity stimulation (Fig. 9B, left). Almost all HRP-loaded SVs
disappeared after immediate depletion of the RRP and reserve
pool, while the same number of HRP-endosomes remained (Fig.
9B–E). After the 30 min rest period, the number of HRP-labeled
SVs increased to above the levels originally observed after HRP
loading (Fig. 9B–E). Over the same time period, there was a de-
crease in the size of individual HRP-loaded endosomes (mean
diameter 247  9 nm after immediate depletion; 197  5 nm
after the 30 min rest period). To illustrate this, the frequency
distributions of HRP-endosome diameters are plotted in Figure
9, F and G. Thus, these results confirm that the slow replenish-
Figure 6. Replenishment of SV pools visualized by electron microscopy. A, Cultures were loaded with 10 mg/ml HRP using
either trains of 200 action potentials (10Hz) or 800 action potentials (80Hz). HRPwaswashed away immediately after stimulation
and cells were left to rest for 60 min. The RRP was unloaded with 60 action potentials (30 Hz) and the reserve pool (RP) was
unloadedwith two30 s applications of 50mMKCl. Cellswere fixed at three different timepoints indicatedby arrows (rest, after RRP
depletion, and after RP depletion) and processed for electron microscopy. B, Representative electron micrographs display nerve
terminals that were subjected to the treatments described above. Black arrows indicate HRP-labeled SVs; white arrows indicate
HRP-labeled endosomes Scale bar, 500 nm. C, HRP-labeled SVs were counted and divided by the number of nerve terminals
analyzed (rest, hatched bars; RRP depleted, black dots onwhite bars; RP depleted, white dots on black bars).D, The size of the RRP
(rest minus RRP depleted), the RP (RRP depletedminus RP depleted), and an SV population belonging to neither (rest minus both
RRP depleted andRPdepleted)were calculated and presented as HRP-labeled SVs per nerve terminal. Data in C andD are averages
pooled from individual nerve terminals from the same experiment (10 Hz: rest n 56 nerve terminals, RRP depleted n 26, RP
depleted n 20; 80 Hz: rest n 75, RRP depleted n 112, RP depleted n 49; all error bars representSEM).
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ment of the reserve pool is mediated by SVs generated from bulk
endosomes.
Discussion
We have demonstrated that different SV retrieval modes are re-
sponsible for refilling specific SV pools in mammalian central
nerve terminals. This was achieved by evoking either CME alone
or CME andADBE together and visualizing the SVs generated via
these routes using selective loading of either FM1-43, FM2-10, or
HRP. These studies revealed that ADBE provides additional SVs
to replenish the reserve pool, whereas the RRP was preferentially
refilled by CME.
The fluorescent dyes FM1-43 and FM2-10 were used to mon-
itor both CME andADBE retrievalmodes. Previous work in both
amphibian neuromuscular junctions (Richards et al., 2000) and
central nerve terminals (Clayton andCousin, 2008; Clayton et al.,
2008) has shown that FM2-10 selectively labels CME, while
FM1-43 labels both modes. A definitive reason for this disparity
of labeling is still unclear; however, in central nerve terminals at
least it seems to arise from a different affinity of the dyes for
membrane being retrieved by the two SV retrieval modes (Clayton
and Cousin, 2008). We are confident that we have selectively
labeled SVs generated by either retrieval mode, since we used a
stimulation protocol that only activated CME in our culture sys-
tem (Evans and Cousin, 2007; Clayton et al., 2008; Clayton et al.,
2009). During these stimulation conditions, we saw an identical
pattern of loading of FM2-10 and FM1-43, suggesting that they
label identical populations of SVs (CME). Furthermore, during
intense stimulation (both CME and ADBE triggered), we saw an
identical pattern of FM2-10 loading when compared to low-
intensity stimulation, proving that this dye only labels CME. This
was expected, since FM2-10 loading evoked by high-intensity
stimulation is unaffected by inhibition of ADBE (Evans and
Cousin, 2007; Clayton and Cousin, 2008; Clayton et al., 2009). In
contrast to FM2-10, a different pattern of FM1-43 loading was
observed during high-intensity stimulation, resulting in a prefer-
ential replenishment of the reserve pool. This replenishment was
due to ADBE, since it continued for up to 30 min after dye wash-
out (indicating loaded SVs originated from FM1-43-loaded bulk
endosomes).
The results obtained with fluorescent dyes were corroborated
bymorphological analysis of the uptake of the fluid phasemarker
HRP. In addition to confirming the dye labeling experiments, the
morphological experiments provided a number of interesting
findings. One surprise was that there was a population of HRP-
loaded SVs that were still present after unloading both the RRP
and reserve pool. These might either be the remnants of bulk
endosomes that are destined for degradation, or SVs that are not
yet competent for release. Alternatively, these SVs may represent
a replenishment of an SV pool outside the recycling pool. For
instance, these HRP-loaded SVmay replenish the “reluctant” SV
pool, which has a lower probability of release than the RRP but
can be fused by stimuli such as elevated KCl or increased extra-
cellular calcium (Moulder and Mennerick, 2005). It is unlikely
that these remaining HRP-loaded SV form part of such a pool,
however, since we stimulated with KCl in our morphological
experiments.What is more likely is that they have integrated into
a “resting” pool of SVs. The resting pool resides outside the func-
tional recycling pool of SVs and is not mobilized during nerve
terminal stimulation (Fernandez-Alfonso and Ryan, 2008; Fredj
and Burrone, 2009). In our morphological experiments, we rou-
tinely observe a loss of SVs of35% immediately after depletion
of the recycling pool during intense stimulation [Clayton et al.
(2008) andM. A. Cousin, unpublished observations], suggesting
the presence of a large resting pool of SVs in our culture system.
SVs can exchange between resting and recycling pools over time
(Fernandez-Alfonso and Ryan, 2008). Thus, during the 60 min
Figure 7. FM1-43-labeled SVswith delayed availability for release preferentially replenish the reserve pool.A, Cultureswere loadedwith 10M FM1-43 using a train of 800 action potentials (80
Hz) at both S1 and S2. In both cases, dyes were washed away immediately after stimulation and cultures were left to rest for either 10 min (standard unload) or 2 min (immediate unload) before
unloading. At both S1 and S2, the RRP was unloaded with a train of 60 action potentials (30 Hz), and the reserve pool (RP) was unloaded with three consecutive trains of 400 action potentials (40
Hz). Cells were left to rest for 20 min between S1 and S2. B, A representative trace of the average fluorescence drop of nerve terminals is shown (standard unload, S1; immediate unload, S2).
Unloading stimulations are represented by bars. Traces were normalized (between 1 and 0) to the size of the S2 recycling pool (RRP RP) for each nerve terminal. C, Average proportion of the RRP
and RP in both S1 and S2 expressed as a percentage of the S2 SV recycling pool (RRP, solid bars; RP, dotted bars). In all experiments, n 3; error bars representSEM; *p 0.05, **p 0.01,
***p 0.001, one-way ANOVA.
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time period before unloading the SVs generated by ADBE, there
may have been exchange between these pools, resulting in some
HRP-loaded SVs remaining after stimulation. The resting pool is
proposed to be mobilized by spontaneous activity (Sara et al.,
2005; Fredj and Burrone, 2009), and it will be of interest to de-
terminewhether these conditions evoke the remaining unloading
of HRP-loaded SVs.
We are confident that bulk endosomes are the primary source
of FM1-43-loaded SVs that replenish the reserve pool over time.
This is because we observed a decrease in HRP-labeled bulk en-
dosome diameter over time concomitant with an increase in the
number of HRP-labeled SVs. One sur-
prise was the longevity of HRP-labeled
bulk endosomes in nerve terminals, with
no obvious decrease in number observed
after 30 min. Indeed, we found HRP-
labeled bulk endosomes still present in
nerve terminals up to 60 min after stimu-
lation (Fig. 6). This suggests that bulk en-
dosomesmay be able to supply SVs for the
reserve pool up to 60 min after stimula-
tion has ceased. Bearing this point in
mind, it will be critical to determine the
molecular events responsible for the SV
budding reaction from these endosomes,
since this will have large implications on
future reserve pool capacity.
The quantitative measurements of
RRP and reserve pool capacity revealed
that SVs generated by CME replenished
both the RRP and reserve pool in the pro-
portions of30%:70%. Interestingly, the
extent of replenishment of either the RRP
or reserve pool by CME-generated SVs
was not affected by increasing the inten-
sity of the loading stimulus. This is most
likely due to the fact that CME has a
fixed maximal rate and limited capac-
ity (Sankaranarayanan and Ryan, 2000;
Clayton et al., 2008). Thus, once CME
reaches saturation, no additional SVs can
be retrieved to replenish SVpools during a
fixed time period. The refilling of the RRP
by CME in this study has close parallels to
the mechanism of “reuse” (Pyle et al.,
2000; Sara et al., 2002; Kavalali, 2006). It is
still unclear what the molecular mecha-
nism of reuse is, since reuse kinetics are
faster than those published for CME of
single SVs (Atluri andRyan, 2006; Granseth
et al., 2006; Kavalali, 2006; Balaji and
Ryan, 2007). However recent studies have
demonstrated a clathrin-dependent SV
retrieval mode with much faster kinetics
(Zhu et al., 2009), which suggests that the
reuse mode could be a form of CME. In
support, CME-generated SVs partially re-
filled the RRP immediately after stimuli
that selectivelyunloaded theRRP(Granseth
and Lagnado, 2008). However, at this stage,
it is impossible to determine whether reuse
and CME are the same, related, or different
SV retrieval modes.
SVs generated by ADBE specifically increased the size of the
reserve pool, but not the RRP. This is the first demonstration that
ADBE replenishes a specific SV pool in central nerve terminals. It
is also supported by previous studies in amphibian neuromuscu-
lar junctions, where SVs generated by ADBE only became avail-
able for fusion after a delayed time period (Richards et al., 2000).
The selective replenishment of the reserve pool by ADBE may at
first glance appear to be an obvious consequence of the fact that
CME-derived SVs have already refilled the RRP. However, this
may not have been the case, since in large secretory cells, for
example, vesicles generated directly from the Golgi apparatus
Figure 8. SVs generated from bulk endosomes specifically replenish the reserve pool. A, Cultures were loaded with 10 M
FM1-43 using a train of 800 action potentials (80 Hz). Dye was washed away immediately after stimulation and cultures were
stimulated to unload both the RRP and reserve pool (RP) after both 2 min (immediate unload) and a further 30 min (second
unload). The RRPwas unloadedwith a train of 60 action potentials (30 Hz) and the RPwas unloadedwith three consecutive trains
of 400 actionpotentials (40Hz).B, Schematic diagram illustratinghow theRRPandRPare replenishedby SVs loadedwith FM1-43.
Solid circles represent dye-loaded SVs; clear circles represent nonloaded SVs. Solid ovals represent dye-loaded endosomes. Solid
outlines represent CME-generated structures; dotted outlines represent ADBE-generated structures. C, A representative trace of
the average fluorescence drop of nerve terminals is shown (immediate unload, S1; second unload, S2). Unloading stimulations are
represented by bars. Traces were normalized (between 1 and 0) to the size of the S1 recycling pool (RRP RP) for each nerve
terminal. The inset displays the S2 unload normalized to the size of the S2 recycling pool.D, Proportion of the S1 and S2 RRP andRP
as a percentage of their respective recycling pools is shown. E, Average proportion of the RRP and RP in both S1 and S2 expressed
as a percentage of the S1 SV recycling pool (RRP, solid bars; RP, dotted bars). In all experiments n 4; error bars representSEM;
*p 0.05, **p 0.01, ***p 0.001, for both RRP and RP, one-way ANOVA.
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selectively replenish the RRP, displacing
existing vesicles from this pool (Duncan
et al., 2003).
This work highlights the importance of
previous neuronal activity with regard to
the subsequent capability of the nerve ter-
minal to respond to stimuli. Since intense
neuronal activity both mobilizes reserve
pool SVs and triggers ADBE, the func-
tional capacity of the reserve pool will be a
continual equilibrium between depletion
via neuronal activity and replenishment
by ADBE-generated SVs. It will be of great
interest to determine the impact on the
capacity of the reserve pool by both the
frequency and intensity of neuronal activ-
ity. For this to be determined, the whole
reserve pool (i.e., existing and newly gen-
erated SVs) must be monitored, and ex-
periments are currently in progress in our
laboratory to determine this relationship.
In summary, we have shown that SVs
generated via different SV retrieval modes
replenish specific SV pools inmammalian
nerve terminals. SVs generated by CME
are responsible for the refilling of theRRP,
whereas SVs generated by ADBE prefer-
entially repopulate the reserve pool. The
replenishment of these SV pools provides
a key insight into how the extent of neu-
rotransmitter release is shaped by previ-
ously experienced neuronal activity.
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